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ABSTRACT
THE IMPLICATIONS O F THE TARGET-AREA HYPOTHESIS ON THE
POPULATION DYNAMICS OF THE SPOTTED SPINY LOBSTER,
PANUL1RUS GUTTATUS
Denice N. Robertson 
Old Dominion University, 2001 
Director: Dr. M ark J. Butler IV
The target-area hypothesis, based on the theory of island biogeography, predicts 
that larger islands are more effective at intercepting passive immigrants. Most marine 
invertebrates have meroplanktonic larvae and open population dynamics, so immigration 
to populations in isolated benthic habitats is primarily by pelagic larval recruits. Thus, 
recruitment to isolated habitat “islands” may be more continuous and predictable on large 
islands than on small ones. Consequently, populations on large islands should not only be 
larger than those on small islands, but should also have more evenly distributed size 
structures. These differences in size structure among populations in isolated habitats of 
differing size could have profound impacts on the local reproductive success of species if 
mating is size-dependent or if fecundity is related to male or female size.
I used laboratory experiments and field observations to test these predictions of 
the target-area hypothesis by determining if patch reef size influences the size structure 
and reproductive success of isolated populations of the spotted spiny lobster, Panulints 
guttatus in the Florida Keys, Florida (USA). In chapter I, I provide a general introduction 
to the problem. Chapter II describes how growth and size-at-maturity of P. guttatus in 
isolated populations on coral patch reefs may be impacted by trade-offs with predation, 
food limitation and reproduction. In Chapter III, I explore the mating dynamics of P. 
guttatus as a function of different population size structure distributions that might occur
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on small and large patch reefs. Finally, in Chapter IV I examine the population size, size 
structure, and reproductive success of P. guttatus on patch reefs of varying size. Chapter 
V is a synopsis o f these studies.
I found that the growth o f P. guttatus declined significantly with the onset of 
reproductive activity. Although this species matures at a small size, its age-at-maturity is 
similar to other spiny lobster species in comparable environments. Male P. guttatus 
compete for mates, but it is female choice that establishes the size assortative mating 
system I observed in this species. Fecundity is positively related to both male and female 
size, which suggests that fertilization success may at times be limited by sperm 
availability.
The abundance of P. guttatus increased with reef size and population size 
structure was more evenly distributed on larger reefs, as predicted by the target-area 
hypothesis. Total reproductive output for local populations increased significantly with 
reef size, but more importantly reproductive output (i.e., success) was significantly more 
variable on small reefs. For isolated populations with limited immigration and size- 
dependent fecundity, population size, size structure, and reproductive output are impacted 
by the size of habitat patches on which they are resident.
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CHAPTER I 
GENERAL INTRODUCTION
The equilibrium theory of island biogeography suggests that the number of 
species on an island reflects a balance between immigration and extinction (MacArthur 
and Wilson 1963, 1967). The model assumes that a mainland pool of species colonizes 
islands at a rate proportional to their distance from the mainland. It also suggests that 
extinction rates are due to density-dependent factors that are stronger on smaller islands. 
This theory has been used to describe colonization and community patterns for many 
different habitats (Broenmark et al. 1984, Dickerson and Robinson 1985, Simberloff and 
Wilson 1969, Bohnsack 1983. Ward and Blaustein 1994, March and Bass 1995, Aguilar 
Betancourt 1984, Hill et al. 1996). An issue that was not considered in the original model 
is the effect of island area on colonization rates. Lomolino (1990) introduced the target- 
area hypothesis, which predicted that passive immigrators would have a greater 
probability of settling on large islands due to their greater target area. Consequently, the 
resulting community will be larger and more diverse due to greater and more consistent 
immigration.
Although originally intended for predictions of community structure, the target- 
area hypothesis also has population-level implications. In the marine environment, many 
coastal species have planktonic larvae and open population dynamics due to widespread 
larval dispersal. Most larval and postlarval stages have limited swimming ability thus 
their shoreward transport is largely the result of wind forcing, upwelling, or other 
physical transport processes (Roughgarden et al. 1988). As larvae arrive in the proximity 
of benthic habitats, they have a greater chance o f  encountering a large habitat patch than
The journal model for this dissertation is Oikos.
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a small one. Because of more continuous settlement, the resultant populations on large 
habitat patches may therefore have size structures that are more evenly distributed. This 
may be particularly important if post-settlement processes (e.g., growth, survival, adult 
dispersal) effecting population structure are weak or at least uncorrelated with island size. 
If so. then size structure of isolated populations will be established largely by 
recruitment. For species exhibiting size assortative mating, skewed adult size 
distributions or small adult populations may significantly alter the chance of obtaining 
optimally sized mates. Because fecundity is also directly related to female size for many 
species (Hines 1982, Sastry 1983, Wilber 1989, Chubb 1994, Kittaka and MacDiarmid 
1994), great variability in reproductive output is thus likely for populations on small 
patches experiencing stochastic settlement.
Spiny lobsters (Decapoda; Palinuridae) are distributed throughout the world and 
throughout their range they are ecologically and economically important. The palinurid 
life cycle consists of both benthic populations in coastal habitats and long-lived pelagic 
larval stages that disperse over great distances (Phillips and Sastry 1980). Panulirus 
guttatus. the spotted spiny lobster, is found throughout the Caribbean, Florida and 
Bermuda (Sutcliffe 1953, Caillouet et al. 1971, Farrugio 1976). After a larval period 
lasting several months, the postlarvae move inshore and settle directly into small holes on 
the underside of ledges and coral heads on coral reefs (Sharp et al. 1997, Robertson pers. 
obs.). The spotted lobster spends its entire benthic life on these coral reefs and 
movement between reefs over open sand or seagrass is infrequent (Sharp et al. 1997, 
Robertson pers. obs.). Mark-recapture results suggest that individuals may remain 
resident on the reef where they settled (Sharp et al. 1997, Robertson pers. obs.).
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Therefore, the population dynamics of this species may be associated with the size and 
isolation of these coral patch reefs.
In this dissertation, I tested the effects of the target-area hypothesis on isolated 
populations of P. guttatus in the Florida Keys, Florida (USA). I predicted that large 
isolated coral patch reefs have larger populations and less variable size distributions than 
small patches because they are better targets for incoming larvae. Fecundity in other 
species of spiny lobster increases with female size (Morgan 1972, Chitty 1973. Izquierdo 
et al. 1987, DeMartini et al. 1993) and is impacted by male size (MacDiarmid and Butler 
1999), I therefore predicted that the reproductive output of small isolated P. guttatus 
populations will be more variable than on large patches. In Chapter II, I determined the 
size at maturity, age at maturity, and patterns of growth for male and female P. guttatus 
in comparison to other non-isolated palinurid species in comparable habitats. Chapter III 
focuses on the mating dynamics of P. guttatus. I tested the impact of different population 
size structures on male competition, courtship behavior, and mate choice. I also tested 
for the effect o f male size on female fecundity. Building on the results of Chapters II and
III. Chapter IV addresses the impact of the target-area hypothesis on the population size, 
size structure, and reproductive output of isolated populations of P. guttatus on different 
sized habitat patches.
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CHAPTER II 
GROW TH AND SIZE AT MATURITY IN PANULIRUS GUTTATU S, THE 
SPOTTED SPINY LOBSTER 
Introduction
Growth and reproduction are energetically costly for all organisms, and there are 
generally trade-offs associated with the two (Resnick 1983, Kozlowski and Uchmanski 
1987, G otthardet al. 1994, Atkinson 1996, Abrams and Rowe 1996, Sinervo and 
Svensson 1998). For example, guppies(Poecilia reticulata) devote more energy to 
reproduction than to growth early in their life when in the presence of the predatory pike 
cichlid, but they suffer a decrease in future fecundity as a result (Resnick 1983). Such 
trade-offs may also occur with respect to individual size. Larger individuals often 
produce more offspring than smaller individuals and are generally less prone to 
predation, so delaying reproduction may increase lifetime fecundity (Williams 1966). 
However, large individuals usually require more energy for maintenance, growth and 
reproduction (Begon et al. 1990) suggesting that reproducing at a smaller size may be 
more energy efficient, especially if food resources are limited locally. As a result, growth 
and size at maturity are influenced by both life-history traits and habitat.
Growth in spiny lobsters (Decapoda; Palinuridae), as in many crustaceans, is 
impacted by biotic and abiotic factors, including water temperature (Chittleborough 1975, 
Chittleborough 1976, Pollock 1979, Hunt and Lyons 1986, Davis and Dodrill 1989, Lellis 
and Russell 1990, Forcucci et al. 1994, Hooker et al. 1997, Thomas 2000), food 
availability and quality (Davis and Dodrill 1989, James and Tong 1997, Robertson et al.
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2000, Sharp et al. 2000), salinity (Field and Butler 1994, Moss et al. in press), and injury 
(Davis 1981, Waugh 1981, Hunt and Lyons 1986). Growth is often slower for larger 
individuals that devote more energy to reproduction (Hunt and Lyons 1986, Annala & 
Bycroft 1988, Plaut and Fishelson 1991, Jong 1993). Such factors may influence how 
lobster growth changes via either intermolt interval or molt increment (Plaut and 
Fishelson 1991, Forcucci et al. 1994, Dennis et al. 1997, Punt et al. 1997). Size at 
maturity is, in turn, tightly coupled to patterns o f growth. Most species of spiny lobster 
mature when larger than 50 mm carapace length (CL; distance between notch in 
postorbital spines and dorsal posterior edge of cephalothorax), (Davis 1975, Gregory et 
al. 1982, MacDonald 1982, Marin 1983, Kagwade 1988, Jayakody 1989, Plaut 1993, 
Briones-Fourzan and Lozano-Alvarez 1992, DeMartini et al. 1993. Mohan 1997. Hunter 
1999), and in some species size-at-maturity varies among regions (Davis 1975, 
Chittleborough 1976, Annala et al. 1980. Gregory et al. 1982, Pollock 1986. Junio 1987, 
Jayakody 1989, Chubb 1991, Plaut 1993). For example, Jasus edwardsii grows faster off 
northern Tasmania than off the southern portion of the island (Punt et al. 1997).
Panulirus guttatus, the spotted spiny lobster, lives exclusively on coral reefs 
throughout the Caribbean, Florida and Bermuda (Sutcliffe 1953, Caillouet et al. 1971. 
Farrugio 1976). The postlarvae recruit directly to small holes on the underside of coral 
heads and appear to remain resident on the reef for their entire life (Sharp et al. 1997. 
Chapter 3). The dependency and local residency of this species to a single, often patchy 
habitat type lies in stark contrast to most other well-studied species of spiny lobster, 
which are typically nomadic and exhibit ontogenetic shifts in habitat during their life 
cycle (Chittleborough 1970, Chittleborough 1975, Hermkind and Butler 1986. Jemakoff
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et al. 1994, Norman and Yamakawa 1994, Childress and Hermkind 1996). The 
maximum size of P. guttatus is about 90mm (CL) (Sutcliffe 1953, Evans and Lockwood 
1994) and previous studies suggested that females reach maturity at 36 mm CL (Caillouet 
et al. 1971, Farrugio 1976. Sharp et al. 1997) and males at 48mm CL (Sharp et al. 1997). 
Reproduction in this species occurs year round in Florida and the Caribbean (Sharp et al. 
1997, Briones-Fourzan & Contreras-Ortiz 1999). but may be seasonal in Bermuda (Evans 
and Lockwood 1994). Their peak reproductive activity occurs from March to June in 
Florida (Chapter IV) and females likely spawn 2-3 times per year or more, depending on 
their size (Sharp et al. 1997, Chapter IV). However, there are large discrepancies among 
the estimates available for growth and size at maturity for this poorly known species, 
perhaps due to differences in methodology (i.e., trap-based versus diver-based studies).
Using data from mark-recapture experiments conducted at night on coral reefs in 
the Florida Keys (USA), I determined molt increment, molt interval, growth rate, and size 
at maturity for male and female P. guttatus. I then used these data to estimate age at 
maturity and compared my results with previous studies. I discuss the implications for P. 
guttatus life history strategies in comparison to that of other species of spiny lobster that 
use similar habitats.
Methods
I estimated the growth and size at maturity of P. guttatus males and females 
collected from twenty-six coral patch reefs off the Florida Keys (USA)(Appendix A). I 
repeatedly sampled six populations up to eight times from March 1997- September 2000 
for my mark-recapture analysis. Twenty additional reefs were sampled once during
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March-August in 1999 and 2000. During nighttime sampling (2 100h-2400h), 2 - 4  divers 
using SCUBA searched for lobsters on a patch reef for 1 hour using underwater 
flashlights. I sampled at night because P. guttatus are secretive and hide deep within the 
recesses of the reef during the day, but they emerge and forage on the reef at night. 
Therefore, nighttime sampling yields more lobsters o f a greater size range and, 
presumably, a less biased population sample than daytime or trap sampling. All P. 
guttatus were caught using hand nets; the divers were successful in capturing 
approximately 85% of all lobsters encountered. The lobsters were placed in mesh bags 
and later taken aboard a vessel where I recorded individual data. Lobster carapace length 
was measured along the mid-dorsal line from the posterior edge of the carapace to the 
anterior end between the post-orbital spines using dial calipers (+0.1 mm accuracy). For 
males, I also measured the length of the second walking leg, from the base of the leg to 
the tip while the leg was held straight. The relationship between CL and second leg 
length has been used to estimate the size at maturity of other palinurid species (George & 
Morgan 1979, Grey 1979, Junio 1987, Evans et al. 1995, Hogarth & Barratt 1996, Sharp 
et al. 1997). The reproductive status of females was also recorded, including the 
presence of: (1) new or eroded spermatophores, (2) external egg masses, and (3) 
developing egg masses (visible through the translucent dorsal membrane separating 
cephalothorax to abdomen).
On the six mark-recapture sites, each animal was individually marked with a 
colored internal latex tag (Northwest Marine Technologies, Shaw Island, WA). 
Compared to the Floy spaghetti tag, which is commonly used in studies of larger species 
o f lobster, the internal latex tag is rarely lost and has no appreciable effect on individual
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growth or surivival (see Chapter IV). A 28-gauge syringe was used to inject the latex 
into the ventral abdominal musculature. Individual tag codes were developed by injecting 
several different latex colors into different portions of the abdominal somites. After 
tagging, all lobsters were released back onto the reef. During subsequent sampling on the 
six mark-recapture sites, recaptured lobsters were measured as above and all new animals 
were tagged. The growth rate (mm CL/wk) was calculated for all recaptured individuals 
using the following equation:
where (X,+i) is the size (mm CL) at recapture and (Xt) is the initial size at previous 
capture. If the lobster was recaptured more than once, the growth rate was recalculated 
for each recapture interval. I used an analysis of covariance (ANCOVA) to determine 
differences in growth rate by sex with size as the covariate. I then calculated molt 
interval for P. guttatus following the method of Forcucci et al. (1994) where time at large 
is plotted against growth (mm CL) to visually distinguish individuals that molted once 
versus multiple times.
Size at maturity for female P. guttatus was estimated in two ways. The minimum 
size at maturity was defined by the presence of fertilized eggs on the smallest female 
captured. Additionally, the size at which 50% of the females in the population bore eggs 
was also calculated. The size at maturity for males was based on initiation o f allometric 
growth of the second walking leg (Sharp et al. 1997). The length of the second walking 
leg was plotted against CL. Then, the data were divided into two subsets, using a specific
Growth =
# o f day:
( 1)
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male CL value as a breakpoint, and separate linear regressions were calculated for each 
subset of the data. This process was repeated iteratively for male lobsters between 30 mm 
CL and 50 mm CL. The lowest combined sum of squared (SS) residuals for the paired 
regressions indicated the point of onset of allometric growth, and thus, the estimated size 
at maturity for males.
Results
During three years of night surveys. I collected a total of 1235 lobsters from 26 
patch reefs; 522 lobsters were tagged on 6 of those sites and 82 were recaptured.
Detailed mark-recapture and size structure information are presented elsewhere (Chapter 
IV). The growth of all lobsters recaptured in the field (n = 16 males and 25 females), 
calculated as mm CL per week, decreased with size (Fig. 2.1). The results of the 
ANCOVA suggested that there is a significant difference in growth rate between sexes (F 
= 25.51; df = 1, 37; P = 0.001) and sizes (F =  152.90; d f=  1. 37; P<0.0001). The 
interaction between sex and size was not significant (F = 2.38; df = I. 37; P = 0.132; 
Power = 0.32). Intermolt interval increased (7.2 weeks to 97.1 weeks) and molt 
increment decreased (1.62 mm CL to 0.675 mm CL) with size (Table 2 .1). Recaptures 
often occurred after a substantial period of time (6 - 115 weeks), so these are probably 
over estimates of intermolt interval.
Both methods of estimating size at maturity for females yielded the same result. 
The smallest egg-bearing females I collected were 31.7 mm CL and 31.8 mm CL and 
were found on two separate reefs in different years. Similarly, the size at which 50% of
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Fig. 2.1. Growth of male and female Panulirus guttatus by size class from 
mark-recapture studies conducted on six coral patch reefs in the Florida 
Keys. Florida (USA).
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N Mean Molt Increment (mm 
CL)
Mean Molt Interval 
(Weeks)
40-50 5 1.42 (0.318) 5.5
50-60 10 1.56 (0.22) 49.4
60-70 4 0.83 (0.38) 48.8
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the females were egg-bearing was 32 mm CL based on reproductive data from 639 
females. The largest female with eggs was 63 .1 mm CL. The size at maturity for male P. 
guttatus. as determined from the onset of allometric growth of the second walking leg 
was calculated as 36 mm CL (Fig. 2.2). The difference o f the SS residuals between 36 
mm CL and 37 mm CL was 180, but increased to over 450 at 35 mm CL and 38 mm CL.
Discussion
The size at maturity of Panulirus guttatus was less than that reported in other 
studies of this species. My results suggest that 50% of the female P. guttatus population 
reproduces at 32 mm CL, which is considerably smaller than the sizes suggested by 
Evans et al. (52.5 - 57.5 mm CL; 1995) and Briones-Fourzan and Contreres-Ortiz (56.4 
mm CL; 1999). However, those studies relied on traps and they did not catch any 
females smaller than 40 mm CL; their size frequencies may also have been truncated due 
to trap bias. Male P. guttatus in South Florida reach maturity at 36 - 37 mm CL based on 
the onset of allometric growth of the second walking leg. Additionally, results from 
mating studies show that males as small as 42 mm CL will mate and can fertilize viable 
clutches of eggs (Chapter III). My estimate of male size at maturity is somewhat smaller 
than that reported by Sharp et al. (1997), whose study was also conducted in South 
Florida and was based on sampling by divers, not traps. But again, my estimate of male 
size at maturity is substantially smaller than that derived (69.3 mm CL) from the trap- 
based Evans et al. (1995) study conducted in cooler Bermuda waters. Another technique 
used to determine size at maturity in males is the examination of the testes for the 
presence of sperm. Using this technique on P. guttatus, Chitty (1973) found sperm
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Fig. 2.2. Allometric relationship between second leg length and carapace length in 
male Panulirus guttatus collected from 26 coral patch reefs in the Florida Keys. 
Florida (USA). Size at maturity for males is determined as the point at which 
allometric growth of the second walking leg begins. For P. guttatus. maturity 
is calculated to be at 36 mm CL. based on the lowest combined sum of squared 
residuals for the calculated regressions.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
14
present in the testes o f males as small as 40 mm CL, but no smaller males were 
examined.
Pamilims guttatus matures at a smaller size relative to other species of spiny 
lobster, including its congener P. argus, which matures at around 78 - 117 mm CL 
depending on location (Gregory & Labinski 1981, Gregory et al. 1982, Lyons et al. 1981, 
Bertelsen and Hunt 1999). Many other spiny lobsters do not mature until at least 50 mm 
CL, although variation within species occurs (Chittleborough 1976, Junio 1987, Polovina 
1989, Chubb 1991). Although size at maturity varies among species due to variability in 
growth, age at maturity may be more similar among species in comparable habitats. The 
age of crustaceans can not yet be reliably determined, but based on growth rates and 
using a size at maturity of 32 mm CL for females. I estimate that P. guttatus may reach 
maturity in two years. This is similar to P. unm tus , a tropical palinurid that as a juvenile 
utilizes similar habitats as P. guttatus, notably holes in reefs. Panulirus omatus has a 
larger molt increment than P. guttatus (2.7 - 4.4 mm CL), but a similar or shorter 
intermolt interval (7 - 13 weeks) depending on size (N airet al. 1981). As a result, P. 
om atus  attains maturity at ~80 mm CL within two years after settlement. Therefore, age 
at maturity for these two species is probably similar, but their growth and size at maturity 
are not.
For subtropical P. cygnus, which can be found in rock crevices as a juvenile, age 
at maturity is greater (Brown and Phillips 1994), whereas growth rates are similar to P. 
guttatus. Panulirus guttatus <  50 mm CL have a shorter intermolt interval than P. cygnus 
o f similar size but a smaller molt increment, which results in similar annual growth rates 
(6 - 15 mm CL/yr) (Chittleborough 1976). Yet, size at maturity for P. guttatus is small
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compared to P. cygnus, which matures at approximately 70 - 100 CL, so P. guitatus 
probably reaches maturity at an earlier age. For temperate reef dwelling species like 
Jasus edwardsii, the difference in age at maturity is even greater. Jasus edwardsii is 
about six years old at maturity due to infrequent molting and thus slower growth (Annala 
& Bycroft 1988).
Growth rates and age at maturity among palinurids varies, in part as a result of 
differences in water temperature among regions (Thomas 2000. Chittleborough 1975. 
Hunt & Lyons 1986, Forcucci et al. 1994). However, the difference in growth rates and 
size at maturity among tropical species are not so easily explained by temperature 
differences. A case in point is the difference between P. guttatus and P. argus which 
share the same range. Although P. argus and P. guttatus probably mature at a similar age 
( 2 - 3  years), P. argus grows at a faster rate. Panulirus guttatus grows 0.3 mm CL/week 
at 30-35 mm CL (this study), while P. argus of similar size grow 0.7 mm CL/week 
(Forcucci et al. 1994). In addition, P. argus that are 40-45 mm CL grow at a faster rate 
(1.2 mm CL/week; Forcucci et al. 1994) than any P. guttatus size class I measured.
Along with temperature, differences in growth, size at maturity and age at 
maturity among palinurids are presumably a result of adaptive trade-offs that balance 
growth and size-specific mortality - a well-documented phenomena across taxa. Growing 
at a faster rate requires greater food intake and therefore, more foraging, which increases 
the risk of predation (Werner 1986, Wemer and Anholt 1993. Gotthard et al. 1994, 
Abrams and Rowe 1996). Generally, the response to juvenile-stage predation is a 
decrease in size at maturity if size at maturity is not fixed (Abrams and Rowe 1996). For 
example, American toads, Bufo americanus, grow slower and mature at a smaller size in
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response to increased predation risk (Skelly and Werner 1990). Trinidadian guppies 
(Poecilia reticulata) mature at a smaller size, but also at a younger age when they inhabit 
the same streams as the predatory pike cichlid (Crenicichla alta). In addition, 
introduction of the pike cichlid predator into streams where it did not occur naturally, t 
resulted in genotypically-based changes in life history characteristics of the resident 
guppy populations that matched those in streams where pike cichlids occur naturally 
(Reznick and Endler 1982. Reznick et al. 1990).
Another important trade-off is that between growth and reproduction. Investment 
in current reproduction may result in costs that lower future reproduction through effects 
on survival or fecundity (Williams 1966). Habitat can also influence the trade-off 
between reproduction and growth. For a given habitat, the effect of individual size on 
fecundity or survival may be beneficial, negligible, neutral, or detrimental. For example, 
a size-beneficial habitat is one where survivorship and future fecundity increase with 
individual size (Begon et al. 1990). If growth slows as a result of reproduction, then 
present reproduction leads to a smaller size than would be possible if reproduction is 
delayed. As a result of the smaller size, survivorship and future fecundity are also 
reduced in a size-beneficial habitat (Begon et al. 1990). In contrast, in a size-negligible, - 
neutral or -detrimental habitat, survivorship and future fecundity are little affected by or 
actually decrease with size. Therefore, there is a negligible cost of reproduction (Begon 
et al. 1990). So, the small size at maturity for P. guttatus relative to other species of spiny 
lobster may impact the future reproduction o f individuals of this species. However, both 
P. guttatus and P. argus mature at 35 - 40% of their maximum adult size, suggesting that 
P. guttatus is not reproducing early perse-, it is simply a small species.
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Additionally, the habitat in which a spiny lobster initially settles may not be the 
same habitat in which they reproduce; in such cases dispersal must occur before 
reproduction. For example, P. om atus delays maturity until about 80 mm CL when it 
undertakes a long-distance migration from N. Australia to Papua New Guinea, a distance 
of 511 km (MacFarlane & Moore 1986, Skewes 1994). For spiny lobsters that migrate or 
disperse after settlement, delaying size at maturity may be an advantageous anti- 
predatory strategy, especially if resident in or moving to a size-beneficial habitat. 
However, for species like P. guttatus that move little among habitats (Chapter IV). 
reproducing at a smaller size may be advantageous especially if there is no cost to 
survivorship or future reproduction.
The risk of starvation is another trade-off with growth. If more resources are 
allocated to growth, then fewer are available for storage and thus for use when food 
availability is low (Gotthard et al. 1994). In general, individuals with higher growth prior 
to periods o f low food availability are more prone to starvation (Clutton-Brock et al.
1985, Gotthard et al. 1994). It is not known if this applies to palinurids, however, 
juvenile lobsters appear particularly susceptible to starvation. Panulirus argus juveniles 
store very little neutral lipid during the first several months after settlement due to their 
high rate o f growth during that time (Robertson et al. 2000). The same is likely to be true 
for P. guttatus, whose highest growth is during the juvenile stage. Food availability and 
consumption rates are not known for P. guttatus, so it is not clear whether P. guttatus is 
food limited, which may also impact size at maturity and growth. Both prey availability 
and consumption rates have been measured for P. homanis and P. pencillatus on tropical
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reefs and in both of those cases prey abundance is high relative to the density and 
consumption rates of the lobsters (Berry & Smale 1980, McCollum 1981).
In summary, the size at maturity for P. guttatus, although small relative to other 
species, is approximately 40% of its maximum attainable size, similar to other palinurid 
species. In addition, the age at maturity and growth is similar to that exhibited by other 
tropical reef dwelling lobster species. It does not appear likely that the growth and size at 
maturity of P. guttatus is affected by any trade-offs linked to habitat, predation or future 
reproduction. It is more probable that P. guttatus is simply a small species, well adapted 
to dwelling in small reef crevices.
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CHAPTER III 
MATING DYNAMICS OF THE SPOTTED SPINY LOBSTER, 
PANULIRUS GUTTATUS  
Introduction
Size assortative mating occurs when the body sizes of mating males and females 
are correlated and it is a common mating strategy in a variety of taxa (Lewontin et al. 
1968). Assortative mating generally results from a combination of factors including 
increased female fecundity with size (Ridley 1983, Haddon 1994, Koga 1998, Turra and 
Leite 1999, Sainte-Marie et al. 1999), male competition (Manning 1980, Borgia 1981, 
McLain and Boromisa 1987, Hazlett 1996, Koga et al. 1999, Kendall 1999), or long pair 
bonds (Kraus and Lederhaus 1983, Larsson 1988, Thornhill 1980). It is also influenced 
by mate choice (Elwood et al. 1987. Hieber and Cohen 1983. Johnson 1982, Greenspan 
1980, Severinghaus and Lin 1990, Fukui 1995. Backwell and Passmore 1996, Goshima et 
al. 1998), mating constraints (Clark 1977, Juliano 1985, Villanelli and Gherardi 1998), or 
mate availability (Lawrence 1986. Crespi 1989) in complex combinations (Brown 1990, 
Villanelli & Gherardi 1998, Masumoto 1999, Harari et al. 1999). Often, the mating 
dynamics leading to size-assortative mating are simple. For example, both male and 
female blister beetles and curculionid beetles prefer large mates (Brown 1990, Harari et 
al. 1999), while female funnel-web spiders, Agelena limbata, simply reject smaller 
courting males (Masumoto 1999). Other dynamics are more complex. The males of 
some crayfish species (Orconectes spp.) prefer large females and females resist all male 
overtures, resulting in size-assortative mating (Butler and Stein 1985). Other crayfish
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mate size assortatively because females were more selective than males and physical 
mating constraints effect pairing (Villanelli and Gherardi 1998). Arak (1983) suggested 
that size assortative mating depends on density, size distribution, and operational sex 
ratio (OSR) of the population. For instance, populations that are male-biased may result 
in an increase in male-male competition, with mated males being larger than unmated 
males and all females obtain mates (Lawrence 1986). However, a female-biased 
population may reduce selectiveness in females (Harari et al. 1999).
Size assortative mating is the predominant mating system for palinurid lobsters 
(Kittaka & MacDiarmid 1994), but the reason for and implications of this mating pattern 
are not completely understood. Male competition determines which males court and 
mate in populations o f Jasus edwardsii (McKoy 1979) and Panulirus argus (Lipcius 
1985), although earlier mating by large females can alter mate availability (MacDiarmid 
1989a). Male lobsters show no preference for large females, despite increased fecundity 
(i.e.. number of eggs produced) with female size (Kensler 1967, Morgan 1972, Izquierdo 
et al. 1987. DeMartini 1993, MacDiarmid and Butler 1999). This suggests that males 
gain more reproductive benefits by mating with many females regardless of their size. 
While males may compete for access to females with the largest males often prevailing, it 
is the females that choose mates and ultimately determine pairing (Lipcius and Hermkind 
1985, MacDiarmid 1989b). Large females may (7. edwardsii) or may not (P. argus) 
prefer large males (Butler and MacDiarmid unpub. data). Yet, mate choice by female J. 
edwardsii and P. argus is critical to fertilization success. Egg clutches resulting from 
pairings of large females mating with small males are significantly smaller than those 
mating with large males (MacDiarmid & Butler 1999). Subsequent experiments with P.
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argus have shown that this is due to differential fertilization success (i.e.. sperm 
limitation), not differences in egg production or extrusion by the female (Butler and 
MacDiarmid, unpub. data).
The implications of sperm limitation are potentially severe for small, isolated 
populations of lobsters. If a species is restricted to isolated habitats, mate choice may be 
more limited, prompting high levels of mate competition or reductions in mate 
preference. For species that are chronically restricted to isolated habitats, these behaviors 
may become fixed through selection.
Panulirus guttatus, the spotted spiny lobster, inhabits shallow coral reefs 
throughout the Caribbean, Florida, and Bermuda (Sutcliffe 1953, Caillouet et al. 1971, 
Farrugio 1976, Evans & Lockwood 1994, Sharp et al. 1997). Unlike most palinurids that 
require multiple benthic habitats during their life history, postlarval P. guttatus settle onto 
coral reefs where they remain resident for their entire life (Sharp et al. 1997, Chapter IV). 
Some individuals remain on one small reef spur or patch reef for several years, even 
though comparable habitat is only a few meters away across open sand substratum (Sharp 
et al. 1997, Chapter IV). Spotted lobsters mature at a relatively small size: 50% of the 
females are mature at 32 mm carapace length (CL) and males begin maturing at 36-37 
mm CL (Chapter II). This is approximately 50% smaller than the size at maturity o f their 
wide-ranging congener, P. argus (Davis 1975, Gregory and Labinsky 1981, Lyons et al. 
1981. Gregory et al. 1982). As with other species, fecundity of female spotted lobsters 
increases with body size (Chitty 1973, Farrugio 1976, Sharp et al. 1997, Briones-Fourzan 
and Contreras-Ortiz 1999, Chapter IV).
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Since P. guttatus populations are restricted to contiguous coral reefs, their ability 
to search for mates is limited and appropriate-sized mates may be unavailable.
Therefore, I predict that populations of P. guttatus with a more uniform adult size 
distribution (e.g., large populations on large, contiguous reefs) will have a size assortative 
mating system. However, when the size distribution is skewed (e.g., small populations 
on isolated reefs) and optimally-sized mates are unavailable, I predict that males and 
females will instead mate with any receptive lobster. In all cases, I predict that the 
constitution of mating pairs will be determined by male competition and female choice as 
it does in other spiny lobster species. I also predict that sperm-limitation of fertilization 
success, which has been demonstrated in other palinurids (MacDiarmid and Butler 1999), 
is also relevant to P. guttatus. If so, matings among small males and large females will 
result in lower realized fecundity, which will be even more likely on small patch reefs 
with skewed size distributions. To test these predictions, I conducted laboratory 
experiments, using different size combinations of males and females, to simulate 
different population size distributions. I conducted behavioral observations on male 
competition, courtship preferences, size-related mating constraints, and mate choice and 
used the resulting fecundity to test for sperm limitation.
Methods
Laboratory experiments were conducted at the Keys Marine Laboratory on Long 
Key, Florida (USA) from March to June 1997-2000, which in Florida is the peak 
reproductive season for P. guttatus. All experiments were conducted in round, 
polyurethane tanks that were 1.5 m in diameter and 1.2 m deep and equipped with
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undergravel filtration and aeration. Seawater was supplied individually to each tank via a 
flow-through seawater system that created a circular current in each tank. The tanks were 
set up outdoors, so ambient seawater temperature (16 °C to 3 1°C during study) and 
photoperiod were maintained in all experiments.
Mating Constraint Experiment
To determine if the formation of mating pairs is physically constrained by 
malerfemale size differences, I placed a small (S: 30 - 45mm CL), a medium (M; 45.1 - 
50 mm CL), and a large (L; > 55.1 mm CL) female lobster in each tank, followed by 
either a single small male (40 - 50 mm CL) or large male (60.1+ mm CL). Unmated 
females release unfertilized eggs that fail to attach to their pleopods. so I used this as 
evidence that females were unable to mate with the male present. I checked the females 
each day for the presence of a spermatophore and/or attached eggs. If spermatophore or 
eggs were present, the size of the male with which the female mated was recorded, and 
the egg mass was removed once eyespots on the eggs were visible (-10  - 14 days after 
extrusion). An egg mass was removed by securing the female ventral side up on a foam 
covered board and gently scraping the eggs off the pleopods with a scalpel. To determine 
fecundity, the entire egg mass was weighed to the nearest 0.000 lg, then the number of 
eggs in three samples, each weighing 0.02 - 0.04g, were counted using a dissecting 
microscope. For each sample the total number of eggs was calculated as:
# of eggs in clutch =
( total clutch mass (g )A
(#of eggs in sample) (2)
mass of sample (g)
The mean fecundity was then calculated for all three samples to arrive at a single estimate 
per female.
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Competition, Courtship, and Mate Choice Experiments
I evaluated male competition for mates, courtship behavior, and mate choice in 
experiments using three different lobster size structure scenarios: I) small females and 
large males, 2) small males and large females, and 3) one small, one medium, and one 
large individual of each sex. I used scenarios I and 2 (i.e., skewed population size 
structure) to test for mate choice and male-male competition when mate sizes were sub- 
optimal. In scenario 3 male and female sizes were evenly distributed, therefore the test 
was of courtship preference by both males and females, male competition, and mate 
choice when a range of sizes were available for each sex. In preliminary trials, I 
attempted to eliminate the effect of male-competition on female mate choice by tethering 
males to separate shelters, but no courtship or mating occurred so males were not tethered 
in the formal trials.
For each trial, three females were placed into a tank each morning, and at 
nightfall, I added three males and observed their behavior. I used different lobsters each 
day in different population size structures to insure independence of the trials. 
Observations were recorded in five-minute intervals and continued until no interactions 
had occurred for 0.5 hour. At the end of the experiment all animals were removed from 
the experimental tank and placed into separate-sex holding tanks. During the experiment 
I recorded: 1) the number of competitive interactions and frontal approaches, 2) which 
lobster courted and which was approached, 3) which lobster terminated a courtship event, 
and 4) mating. I also used underwater time-lapse video at night using infrared 
illumination to record mating behavior over I - 3 day periods utilizing the same
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population size structure treatments. The same data (noted above) were recorded for the 
live and videotape observations.
I used several contingency table analyses to test for differences in competitive 
behavior, courtship, and mate choice. To test for male competition ( 3 x 2  contingency 
table), I examined the independence of male size (three size classes: S. M, L) versus the 
outcome of male-male interactions, based on whether a male ‘won' or ‘lost’ the 
interaction they initiated. The ‘loser’ was the lobster that backed away from the 
encounter first. I conducted two separate courtship tests: male preference of female size, 
and female response to male courtship. Again, lobsters were divided into three size 
classes (S. M, L), and I tested ( 3 x 3  contingency table) whether male courtship (i.e., 
frontal approach; Lipcius et al. 1983) of females was independent of male and female 
size. I examined female response to courtship by males by testing (2 z 3) for differences 
in female response (female retreats, male retreats, mating) by size class (S, M, L).
Finally, by dividing both males and females into size classes (S, M, L) I tested (3 x 3 
contingency table) for female preference for male mate size.
Mate Choice
To more closely examine mate choice under uniform size distribution conditions I 
placed three males (small 40 - 50 mm CL, medium 50.1 - 60 mm CL, and large 60.1+ 
mm CL) and three females (small 30 - 45 mm CL, medium 45.1 - 55 mm CL, and large 
55.1+ mm CL) into a tank. Mate choice can be determined directly from visual 
observations of mating events, but matings are rare enough that many hours of 
observations must be made to observe them. Therefore, I used an indirect, but more 
efficient means of assessing mate choice. Using quick-dry marine epoxy, I blocked the
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right gonopore of small males, the left gonopore of medium males, and neither gonopore 
of the large males. All females were checked for the presence of a spermatophore each 
morning and based on the position of the spermatophore, the male with whom she mated 
could be identified. If a female mated with a large male (and therefore had a complete 
paired spermatophore) she was placed in a holding tank until eyespots appeared on the 
resulting eggs, at which time I removed the clutch as described above to obtain more data 
on sperm-limitation. If a female mated with one of the other males in the tank then only 
one half of the typical paired spermatophore was present on the sternal plate of the 
female as a result of one male gonopore being blocked by epoxy. I combined the results 
of this experiment with the previous data on mate choice and analyzed these as described 
above.
Sperm-Limitation
To examine the potential for sperm limitation of fertilization success in P. 
guttatus. I conducted mating experiments with males that were at least 20 mm CL smaller 
than the females with whom they mated and compared these results with those from 
matings where males were larger. Each day the females were checked for the presence of 
a spermatophore or eggs. Once a spermatophore was deposited, the female was removed 
from the tank and the resulting egg mass was removed, weighed, and counted as 
described above to estimate the number of fertilized eggs. Similar data from matings of 
various male and female sizes derived from the experiments described earlier (mate 
constraints, mate competition, mate choice) were also used in this analysis. To test for 
the effect of both male and female size on fecundity I used male size class and female
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
27
size class as factors and the number of eggs fertilized as the dependent variable in a 3 x 3 
model I ANOVA.
Results
I found no constraints to mating between male and female P. guttatus of different 
sizes. All size combinations were able to couple successfully enough for the transfer of a 
spermatophore and production of an egg mass. I found no relationship between female 
size and time of breeding in the laboratory, but several large females mated more than 
once during my experiments.
I investigated size-specific competitive hierarchies among males by testing for 
differences between the size of the male initiating a male-male interaction and whether 
the male lost or won. Large males initiated significantly more (88%) competitive 
interactions and ultimately won 99% of those interactions (Table 3 .1). They also won 
90% of all competitive interactions combined (Fig. 3.1). This result is highly significant 
but may be slightly biased because of small sample sizes in two cells.
Next. I tested for differences in the initiation of courtship and male choice of 
different sized females in populations with mixed male and female sizes. I found no 
relationship between the size of the male initiating courtship and the size of the female 
being courted (Table 3.2). Large males initiated 64.5% of the courtships, but did not 
preferentially court females of a particular size. However, female size and female 
response to courtship by different sized males were non-independent (Table 3.3). Still, 
the most common response to courtship for every female size class was for the female to
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Table 3.1. Results from male-male competition experiment with Panulirus guttatus. 
Males initiating competitive interactions were divided into three size classes (S. M, L) 
and I tested whether male size was independent of the outcome o f the interaction.
Size of Male Initiating Male-Male Interaction
Outcome of Small Medium Large
Interaction (40-50 mm CL) (50.1 -60 mm CL) (60.1 + mm CL)
Won Interaction 5 9 210
Lost Interaction 2 11 I
Contingency Table Results: Log-Likelihood Ratio = 57.89: df = 2; P < 0.0001










Fig. 3.1. Results of Panulirus guttatus male-male competitive interactions in a 
mixed population size distribution. (A) Percentage of competitive interactions 
initiated by different size males. (B) Percentage of competitive interactions 
won by different size males.
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Table 3.2. Results from observations of courtship between male and female Panulirus 
guttatus. I tested whether courting males of different sizes differentially courted females 
of specific sizes.________________________________________________________________
Size of Female Being Approached
Size o f Male Initiating Small Medium Large
Approach (30-45 mm CL) (45.1-55 mm CL) (55.1 + mm CL)
Small (40-50 mm CL) 12 6 4
Medium (50.1-60 mm CL) 14 13 22
Large (60.1 + mm CL) 39 38 52
Contingency Table Results: Log-Likelihood Ratio = 6.827; df = 4; P = 0.145
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Table 3.3. Results of observations of Panulirus guttatus females of different sizes and
their response to courtship by males of different sizes.____________________________
Female Response to Male Frontal Approach
Female Size Female Leaves Male Leaves Mating
Small 57 6 3
(30-45 mm CL)
Medium 48 4 16
(45.1-55 mm
CL)
Large 41 14 7
(55.1 + mm CL)
Contingency Table Results: Log-likelihood Ratio = 42.747; df = 6; P < 0.001
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simply back away from the male when the male approached. Females in the medium size 
class mated more often (61.5%) than either large or small females. The results of the 
contingency table analysis of mate choice, by male and female size class were significant, 
but unreliable because seven of the nine cells had insufficient observations (Table 3.4). 
However, inspection of these data supports the statistical outcome and suggests that 
females of all sizes preferred to mate with larger males. In 92% of all matings, the male 
was 1 - 20 mm CL larger than the female. Competition, courtship and mating occurred in 
all experimental trials, even those with skewed size distributions, despite the difference in 
size between mates. However, there was a significant interaction between female size, 
male size and fecundity (Table 3.5, Fig. 3.2). Male size did not impact the fecundity of 
all females, but lower levels of fertilization were observed when large females (> 55 mm 
CL) mated with small males (< 45 mm CL)(Fig. 3.2).
Discussion
The mating system in P. guttatus appears to be dominated by male competition 
and female choice. The result is a mating system where large males compete for access 
to females and are more likely to mate than small or medium males. Although male 
competition determines which individuals are most successful courting and mating with 
females, males show little preference for large females. Large males even compete for 
small females, although the reproductive benefit (i.e.. realized fecundity) to the males of 
the single mating is lower relative to matings with large females. A similar pattern of 
high levels of male competition, but no preference for female mate size, has been 
observed in other palinurid lobsters (McKoy 1979, Lipcius and Hermkind 1985,
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Table 3.4. Results of mate choice experiment testing whether different size classes of 
female Panulirus guttatus preferred to mate with males of a particular size._________
Male Mate Size
Female Size Small Medium Large
(40-50 mm CL) (50.1-60 mm CL) (60.1 + mm CL)
Small 0 1 2
(30-45 mm CL)
Medium 2 4 10
(45.1-55 mm CL)
Large 0 1 6
(55.1 + mm CL)
Contingency Table Results: Log-likelihood Ratio = 0.738: df = 4: P = 0.947
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Table 3.5. Univariate ANOVA testing the effect of female size and male size on 
fecundity. Individuals were combined into size classes based on size at reproduction for 
analysis._______________________________________________________________________
Source df Mean Square F P
Female Size 2 1.40E+09 4.055 0.032
Class
Male Size 2 6.41E+08 1.852 0.182
Class


















Fig. 3.2. The effect of female size and male size on fecundity (# eggs/clutch) of 
Panulirus guttatus. Results from a univariate ANOVA indicate that fecundity 
depends on both male and female size (i.e.. a significant interaction between male 
size class and female size class).
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MacDiarmid and Butler 1999). Males may obtain greater reproductive benefit by mating 
with many females regardless of size, and since female P. guttatus may spawn more than 
once per season (Chitty 1973, Farrugio 1976, Sharp et al. 1997. Briones-Fourzan and 
Contreras-Ortiz 1999, Chapter IV), males may have the opportunity to mate with several 
females in a season. However, to optimize this strategy matings should not be so 
frequent so as to supersede the spermatophore regenerative capabilities of the male. If so. 
the fertilization success may be further complicated by the availability of sperm as has 
been shown in other lobsters (MacDiarmid and Butler 1997) and crabs (Saint-Marie et al. 
1995).
The absence of strong size-based mate preferences among males may be 
particularly advantageous for P. guttatus and other palinurids whose local populations 
may be restricted to habitat “islands'’ (e.g., patch reefs). In such cases, mates of optimal 
size may be unavailable, so plasticity in mate choice may be a desirable characteristic. 
Male P. guttatus exhibit this plasticity by courting all females, given the high probability 
of rejection. Females, whose reproductive investment per brood is higher than males, 
appear to prefer large males regardless of female size. However, if large males are 
unavailable, females will mate with smaller males, as demonstrated in my laboratory 
experiments. Thus, the mating strategies of both males and female P. guttatus should 
optimize, on average, individual reproductive success where there is access to mates of 
many sizes. Yet. their strategies are sufficiently flexible to permit sub-optimal mate 
choice when mates are few or local population size structure is highly skewed.
Female choice may be compounded by male competition in other species, which 
results in courtship and mating primarily by large males, limiting female choice. This is
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the case for J. edwardsii where, small males, though abundant, rarely court females due 
to aggressive behavior by larger males (MacDiarmid 1989b). Lipcius and Hermkind 
(1985) found that the largest male P. argus was responsible for 99.5% of ail frontal 
approaches of females in laboratory experiments. However, despite male competition in 
P. guttatus, all sizes of males courted females, which allows active female choice to play 
a role in the mating system. Female choice was most evident during courtship. Females 
responded to male courtship in several ways, the most common response (73%) being 
that the female backed away to avoid mating. In my experiments, females often backed 
away from several different courting males over several hours, then later mated with one 
of them. This behavior may allow the female to assess each male before making a mate 
choice.
With respect to the consequences of mate choice, there was a significant 
interaction among female size, male size, and resulting fecundity. The fecundity of large 
females was reduced as a result of mating with small males, but this was not so for 
medium and small females. Therefore, only large females should show a preference for 
large males as mates. However, during a female’s short period of receptivity (24 - 48 
hours), 69.2% of all female P. guttatus mated with the largest male in the tank, and 92% 
of all females mated with a larger male. Females may use male size as an indication of 
male fitness to improve offspring quality (Trivers 1972 in Harari et al. 1999) or females 
may choose large males because there is no cost of searching associated with being 
selective (Reynolds and Gross 1990). Also, in some decapod crustaceans sperm may 
limit fertilization success, an effect that is most pronounced for small males, especially
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those that have mated repeatedly (MacDiarmid and Butler 1999, Butler unpub. data, 
Saint-Marie et al. 1995, Jivoff 1997).
A severe reproductive cost arises if a female does not find a mate within her 
period of receptivity and must release an unfertilized clutch o f eggs. Jasus edwardsii, 
may not mate if a large male is unavailable, and instead they either release unfertilized 
eggs or reabsorb the eggs (MacDiarmid pers. obs., MacDiarmid and Butler 1999). Large 
female J. edwardsii mate significantly earlier in the reproductive season than small 
females (MacDiarmid 1989a), potentially increasing male competition for the portion of 
the female population that is receptive. These same characteristics (i.e., release of 
unfertilized eggs and early mating by large females) occur in P. argus (M. Butler unpub. 
data. R. Bertelsen , unpub. data). Yet, this size-specific variability in the timing of 
reproduction for females may increase the number of large males available to females at 
the time they are receptive. Since the reproductive season for P. guttatus is prolonged, 
the period of receptivity is short and the timing of receptivity appears to be unrelated to 
female size, there is a low probability that numerous females in a local population will be 
receptive during the same 24 - 48 hours.
In summary, mating in P. guttatus results from male-male competition and female 
choice. Large males are competitively superior, but court females of all sizes. Females 
of all sizes prefer large males; however, mate choice by females is flexible. In small, 
isolated local populations in which P. guttatus often exists, optimally sized mates may be 
unavailable. Only for the largest females does this appear to be detrimental in that clutch 
sizes for large female-small male mating are smaller than when large males mate with 
these females.
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CHAPTER IV
IMPLICATIONS OF THE TARGET-AREA HYPOTHESIS ON THE 
REPRODUCTIVE OUTPUT OF ISOLATED POPULATIONS
Introduction
The equilibrium theory o f island biogeography predicts that the number of species 
on an island represents a balance between the immigration of new species and the 
extinction of resident species (MacArthur and Wilson 1967). The model assumes that 
there is a permanent source pool of species that has the potential to colonize isolated 
islands and that equilibrium depends on the colonization and stochastic extinction of 
populations. Since its inception, the theory has been used to describe patterns of 
community structure in a number of island-like habitats, including streams (Brocnmark et 
al. 1983), ponds (Ward and Blaustein 1994, March 1995), laboratory microcosms 
(Dickerson et al. 1985), artificial reefs (Aguilar Betancourt et al. 1984). and coral patches 
(Abele and Patton 1976. Bohnsack 1983), among others.
An extension of this theory is the target-area hypothesis, which predicts that 
larger habitat patches or “targets” may be more effective in intercepting passive 
immigrants (Lomolino 1990). Thus, species richness and persistence are predicted to be 
higher on larger islands than on small islands (Gilpin and Diamond 1976, Lomolino 
1990). Although the theory o f island biogeography and the target-area hypothesis were 
originally formulated to describe community patterns, they have also proven to be useful 
theoretical foundations for predicting patterns o f abundance in isolated populations of 
individual species (Rieman and McIntyre 1995, Adler 1996, Samways 1998, Wiggins et 
al. 1998).
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In marine systems with open population dynamics (see Grosberg and Levitan 
1992 for a review), the predictions of the target-area hypothesis may be applicable to 
recruitment patterns on isolated coral patch reefs. In coral reef environments, large 
patches of reef may receive a greater or more continuous supply o f larvae than small 
' patches, where supply may be meager or more sporadic. This is especially true if larvae 
have only a limited capability of directing their arrival on particular habitat patches. All 
else being equal, populations on large reefs should thus be larger than those on small 
reefs due to more continuous settlement. Another important consequence of the 
stochastic arrival of colonizers to isolated habitat patches is that the size structure of 
populations established on small and large islands could be very different, particularly if 
size structure is determined primarily by settlement processes rather than post-settlement 
processes. Compared to small islands, large islands are likely to have more similar and 
perhaps more evenly distributed age or size structures due to the greater, more continuous 
settlement they experience. In contrast, the size (age) structure of populations on small 
islands should vary considerably among islands if settlement or immigration is sporadic.
Differences in age or size structure among populations in isolated islands of 
differing size may have a strong impact on local reproductive success. For example, 
differences in population size structure between two populations of the crab Pilumnus 
sayi resulted in vastly different reproductive potential in the two populations (Kuhlman 
and Walker 1999). Reproductive differences among populations are accentuated if 
fecundity is related to female size, or the size and availability o f mates. This may be 
particularly relevant for many fish and invertebrate species because egg production 
typically increases exponentially with female size. Furthermore, mate choice often
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depends on the size and availability of mates, and such choices can affect fertilization 
success (MacDiarmid and Butler 1999, Chapter III). Therefore, if size structure is related 
to island area, then island size may indirectly affect the reproductive potential of resident 
populations.
This assumes that differences in reproductive output are due to differences in 
population size structure among islands, which are in tum driven by differences in 
immigration (i.e., larval settlement) among islands. However, post-settlement processes 
can also alter size frequency distributions and it is conceivable that those processes might 
vary as a function of reef size. For example, predator assemblages could differ as a 
function of reef size (Gladfelter et al. 1980) and could therefore affect the survival and 
size structure of prey populations. Food resources could also vary with reef size and 
might affect population size structure via differences in growth, especially if population 
densities are high. Finally, emigration and immigration of adults could vary with reef 
size. Small islands are likely to contain fewer habitats or shelters and have a greater 
edgervolume ratio, so emigration may be greater than on larger islands. Thus, an 
adequate test of the consequences of the target-area hypothesis must also consider the 
possible effect o f post-settlement processes on population size structure. By virtue of its 
life history characteristics, the spotted spiny lobster (Panulinis guttatus) may serve as an 
appropriate model to evaluate these population-level predictions of the target-area 
hypothesis.
The spotted spiny lobster, Panulinis guttatus, is an obligate reef dweller on 
shallow coral or rocky reefs throughout the Caribbean, Florida, and Bermuda. Juvenile 
and adult populations on reefs are linked via dispersal by the oceanic, phyllosome larvae.
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Although the larval duration and behavior of P. gunatus are unknown, the phyllosome 
larvae of other spiny lobsters are planktotrophic and typically long-lived (3 -  24 mos.). 
Phyllosome larvae eventually metamorphose offshore into puerulus postlarvae and 
postlarval P. guttatus settle exclusively into small holes on the underside of large coral 
heads or rocky ledges on coral reefs (Sharp et al. 1997, Robertson pers. obs.). Shortly 
after settling, the postlarvae metamorphose into a benthic juvenile stage and remain on 
the reef through adulthood. Mark-recapture studies suggest that juvenile and adult P. 
guttatus exhibit strong site fidelity and remain on a single reef spur or patch reef for at 
least a few years and perhaps for their entire benthic existence (Sharp et al. 1997, this 
study).
Given their life history, the size of P. guttatus populations and size- (age-) 
structure on patch reefs may be largely determined by the arrival o f new recruits and not 
by post-settlement processes, such as immigration of benthic individuals. Furthermore, 
the mating system for this species is size assortative and fecundity is related to both 
female size and male size (Chapter III), which is similar to other palinurid lobsters 
(Chubb 1994, Kittaka & MacDiarmid 1994, MacDiarmid and Butler 1999). Thus, 
among-site variation in male size may impact the availability of appropriate sized mates 
as well as increase the potential for sperm limitation on small reefs. Similarly, variation 
in the size o f females may impact the reproductive output of isolated populations.
The target-area hypothesis predicts that immigration (settlement of postlarvae) 
and thus population size will be greater on large habitat patches. But it does not offer any 
predictions regarding the effects of patch size on population size structure or reproductive 
output. Using P. guttatus as a model, and extending the target-area hypothesis, I predict
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that large coral patch reefs will not only have larger lobster populations, but the size 
structures o f these large populations will be more similar as compared to those on small 
patch reefs. Furthermore, I predict that the reproductive output of P. guttatus will vary 
more among small patch reefs than large ones, as a consequence of the more variable size 
structure and reproductive dynamics on small reefs.
To test these hypotheses, I compared the population size, population size 
structure, and reproductive output on isolated patch reefs of different sizes and structural 
complexity. I also evaluated whether post-settlement population dynamics varied 
significantly with reef size. I did so by surveying P. guttatus populations on twenty six 
isolated patch reefs in the Florida Keys, Florida (USA) during the reproductive season in 
1997-2000 and conducted mark-recapture experiments on an additional six patch reefs 
that I revisited over the same three year period.
Methods 
Patch Reef Characteristics
Along the Florida Keys (USA) reef tract are coral patch reefs of varying size that 
are isolated from each other by sand, rubble, or seagrass. These patch reefs are generally 
shallow (<12 m) with varying degrees o f vertical relief (typically 2 - 6  m). Each patch 
reef used for my population surveys and mark- recapture experiments (see below) was 
haphazardly selected from those available and were representative of those found in the 
Florida Keys reef tract (Appendix A). Each patch reef was separated from other reefs by 
at least 50 m, and often by several km. Previous research suggested that adult P. 
guttatus rarely, if ever, traverse open sand or seagrass to move among reef structures
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(Sharp et al. 1997) and our observations and data confirmed this. Thus, each patch reef 
was considered independent with regard to immigration among benthic P. guttatus 
populations.
The size and rugosity (i.e., surface complexity) of each patch reef was estimated 
by two divers who stretched a 100 meter nylon transect tape across the patch reef at a 
haphazardly chosen point, thus measuring the linear width of the reef to the nearest 0.1 
meter. To determine rugosity, the tape was then lowered to the reef at the same location 
and tucked into crevices and over coral heads along the same path as the taut tape to 
obtain a second, non-linear measurement, again to the nearest 0.1 meter. This procedure 
was repeated 4 - 8 times on each patch reef depending on its size. Rugosity was 
calculated as the ratio of the non-linear, rugose measurement to the linear measurement 
made with the taut tape (Risk 1972).
M ark-recapture Experiments
I conducted both short-term and long-term mark-recapture experiments on 
different reefs using different tagging methods. I utilized short-term mark-recapture as 
an initial test of population size, population size structure, and reproductive output on 
different size patch reefs. Based on the results of this study, I expanded the mark- 
recapture to include a wider size range o f sites for a longer period of time. The short-term 
mark-recapture study was conducted on three patch reefs ranging in size from 3000 m2 to 
6500 m: . Each reef was sampled 3 - 4  times from May -  August 1996. Lobsters were 
collected at night (2100 - 2400 h) by 2 - 4 divers who searched the reef for I hour and 
captured all of the P. guttatus they encountered. Lobsters were collected with hand nets.
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placed in a mesh bag, and then brought on board a research vessel where I recorded 
individual lobster characteristics.
The size (carapace length; CL) of each lobster was recorded to the nearest 0 .1 mm. 
For males, the length of the second walking leg, from the base of the leg to the tip, was 
also measured so that the relationship between CL and second leg length could be used to 
determine size at maturity (Chapter II). For females, I recorded reproductive status as: 1) 
no evidence of reproduction, 2) spermatophore only, 3) bright orange newly deposited 
eggs, 4) brownish eggs with visible eye spots visible. 5) dark brown eggs, and 6) used 
spermatophore or egg remnants (evidence of previous reproduction). I removed all egg 
masses by placing the female, ventral side up, on a foam-covered board and gently 
scraped the eggs off the pleopods with a scalpel. The egg samples were frozen for later 
analysis of clutch size. Before returning the lobsters to the reef, each was fitted with an 
individually coded antenna tag consisting of a small cable tie with a unique color code 
strapped around the base of the first antennae. On subsequent surveys the antennae tag 
code of each individual was recorded in situ without recapturing the individual.
However, these tags are lost when the individual molts, which occurred every 2 - 2 4  
months depending on size (Robertson and Butler, unpubl. data), so antennae tags were 
used for the short-term mark-recapture studies only.
Prior to the long-term mark-recapture study, I tested tag retention and tag-related 
differences in lobster survival under laboratory conditions using two types of long-term 
tags . Lobsters (40 - 55 mm CL) were tagged with either a Floy spaghetti tag with a T- 
bar anchor (Floy Tag & Manufacturing, Inc., Seattle, WA) or an internal latex tag 
(Northwest Marine Technologies, Shaw Island, WA). The Floy tag was placed into the
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muscle tissue on the dorsal side between the cephalothorax and tail. The internal latex 
tag was injected into the ventral abdominal musculature using a 28-gauge syringe. The 
lobsters were held communally in a laboratory tank with flow-through seawater from 
May - July 1996, fed frozen shrimp and squid, and checked daily for tag retention and 
mortality.
The long-term mark-recapture study was conducted from May 1997 - August 
2000 on six patch reefs ranging in size from 152 m2 to 8000 m2. Each of the patch reefs 
was sampled 4 - 8  times during February through September from 1997 - 2000. The 
methodology I used was the same as that described for the short-term mark-recapture 
study, with the exception that I used the internal latex tag (described above) to 
individually mark all lobsters. I injected different color combinations into different 
portions of the abdominal somites to create individual codes.
Population Surveys
Population surveys were conducted to determine lobster abundance, population 
size structure, and reproductive output on a wide range of patch reef sizes. I surveyed 
twenty-six isolated patch reefs from Marathon, FL to Key Largo, FL ranging in size from 
20 m2 to 8000m2. For these surveys I used the same field sampling protocol as described 
above for the mark-recapture study, but lobsters were not tagged and each site was visited 
only once.
Analysis of Population Size Structure
I used the program POPAN5 (Schwartz and Amason 1996) to calculate 
population size for each mark-recapture site. The program POPAN5 incorporates Jolly- 
Seber models for open populations and provides estimates of population size, survival.
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and birth rates. Catch per unit effort (CPUE) was also calculated as a separate estimate
of population size and compared to the area of the patch reef. CPUE was calculated
using the following equation:
r-ntrc  # of lobsters capturedCPUE = ------------------------------- ------------------- (3)
(# of divers)(total search time (min.))
The association between lobster abundance (CPUE) and patch reef area and 
area*rugosity was examined using Pearson correlations.
If differences in settlement patterns among reef sizes as predicted by the target- 
area hypothesis are to effect population size structure and ultimately reproductive 
success, then post-settlement population dynamics should not vary appreciably with reef 
size. Therefore. I evaluated the assumptions that post-settlement loss (mortality and 
emmigration) and post-settlement addition (immigration and births) were equal across 
reef sizes by running a regression on these values obtained from Jolly-Seber calculations 
from the mark-recapture sites, against reef area. To test for differences in growth 
between reefs, I ran separate multiple regressions for male and female lobsters with reef 
area and size as independent variables and growth as the dependent variable. I used 
growth data obtained from lobsters recaptured in the mark-recapture study (Chapter II).
A key prediction that derives from target-area hypothesis is that population size 
structure should be more variable on small reefs than large reefs. Therefore, I evaluated 
whether the variability of key statistics describing population size structure (i.e., mean, 
skewness, kurtosis, variance) differed significantly among reefs of different size using 
two MANOVAs, one for females and one for males. The variability of several population 
statistics used in the MANOVA were estimated using the respective squared residuals for 
mean size, skewness, kurtosis, and variance for the size frequency distribution for each
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reef and sex. I then tested whether the variability of these statistics differed among reefs 
of three sizes (0-2000 m2, 2000-4000 m2, 4000-8000 m2) using a 1-factor (reef size) 
fixed-effect MANOVA.
Reproductive Analyses
Operational sex ratio (OSR) was calculated using the values of size-at-maturity 
previously determined for male and female P. guttatus (Chapter 1), where:
OSR values equal to 50% indicate a 1:1 ratio of mature males and females, values over 
50% suggest the population has more mature males, whereas values below 50% suggest 
more mature females are available than males.
I determined the proportion of egg-bearing females by month, then plotted the 
proportion of egg-bearing females in the population by month to determine the peak 
period of reproductive activity. I also plotted the proportion of egg-bearing females by 
size class for each month and used Chitty’s (1973) estimate of incubation time, to 
determine the likelihood of multiple spawning. I calculated an index of reproductive 
potential (IRP) for all female P. guttatus during May, the peak of the reproductive 
season, to identify those populations with greater reproductive potential. I estimated the 
IRP for each size class using the following equation from Kanciruk and Hermkind
OSR =
# of mature males
*100 (4)
(# of mature males) + (# of mature females)
(1976):




#  of females in size class
total #  of females
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B = proportion of females in size class with eggs 
C = mean fecundity for size class 
D = constant (164.8)
I calculated D by setting the IRP of the size class 55-60 mm CL equal to 100.0. I then
calculated the percent of total egg production for each size class and used this value to
estimate productivity as:
_ , . . % of total esg production (E)
Productivity = --------------------------  (6)
% of total females in size class (A)
To determine fecundity, each egg clutch obtained from females in the field and 
frozen was thawed and weighed to the nearest 0 .0001g. Then, for each egg clutch, the 
number o f eggs from three samples, each weighing 0.02 - 0.04g. were counted using a 
dissecting microscope. Three estimates of the total number of eggs per clutch were then 
calculated using the following equation:
^ . , total clutch mass (g) . F
# of eggs in clutch =  — * (#of eggs in sample) (7)
mass of sample (g)
Individual fecundity (i.e., number of eggs/clutch) was then calculated as the mean of the 
three estimates o f clutch size. Data from all the sites were used in a non-linear regression 
analysis to determine the relationship between fecundity and female size. Only the 
fecundity values from females reproducing during the peak reproductive period (March- 
June) were used for analyses of reproductive output. I calculated the per capita eggs per 
clutch for each population by taking the sum o f all the fecundity values and dividing by 
the number of females with eggs in the population. I then used Levene’s test of equality 
o f error variances to evaluate the variability in reproductive output among reefs of five 
different sizes: 0-2000 m2, 2000-4000 m2, 4000-6000 m2. 6000-8000 m2.




All lobsters marked in the laboratory using the internal latex tag survived, and 
none of the tags were lost after three months. During a separate laboratory experiment 
(Chapter III) approximately 12% of the latex tags were lost after 446 days. In contrast. 
30% of the P. guttatus tagged with the Floy spaghetti tag died within two months, 
although none of those tags were lost after molting. Thereafter, I used the latex tags in my 
long-term mark-recapture field studies and antennae tags for my short-term mark- 
recapture studies. Antennae tags do not affect lobster survival, but are lost at ecdysis, so 
they are only suitable for short-term tracking of individuals (Butler and Hermkind 1997).
Jolly-Seber population estimates from the short-term mark-recapture experiments 
range from 12 to 147 animals per reef site (Table 4.1). The average estimated survival 
rate for all three sites was 0.757 (S.E. = 0.1403) over the three-month sample period, and 
the percentage of lobsters recaptured each sample ranged from 13% to 80% (Table 4.1). 
There were no differences in population size structure among these three sites.
The abundance of P. guttatus, estimated from both CPUE and Jolly-Seber 
estimates, increased with patch reef area and reef volume (i.e.. area * rugosity. Fig. 4.1). 
CPUE and reef area were positively correlated (r = 0.66, p < 0.0001). The average Jolly- 
Seber based survival and population addition estimates for the long-term mark-recapture 
sites were 0.65 and 27.22. respectively, over the three year sampling period (Table 4.2). 
Survival was not significantly different among the six long-term sites (Table 4.3). 
Residence times for individual lobsters at the long-term sites ranged from 42 - 804 days. 
In fact, six lobsters on different reef sites were resident on a single patch for over 500
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
51
Table 4.1. Jolly-Seber population estimates for short-term mark-recapture conducted on
three sites during May-July 1996.________________________________________________
Jolly-Seber Population Estimates (S.E)
Site & Date % Population Size Survival Population
Recaptured Addition
Canyon 6/6/96 - 0(0 ) 0.508 (0.208) 0 (0 )
6/18/96 0 36.571 (0) 0.941 (0.164) 0 (0 )
6/20/96 55 17.111 (3.396) 1 (0.372) 4.889
(4.094)
6/26/96 80 22 (8.242) 0 (0 ) 0 (0 )
7/2/96 64 - - -
Garden 6/22/96 - 0 1 (0.630) 0 (0 )
6/27/96 13 147.3 (127.561) 0 (0 ) 0 (0 )
7/9/96 27 - - -
Coral
Head
6/24/96 0 0.519(0.376) 0
7/1/96 29 12.4(8.444) 0 (0 ) 0 (0 )
Mean
7/22/96 21
33.4(10.8) 47.1 (25.4) .757 (0.140)
-
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Fig. 1. Graph (A) and (B) show Jolly-Seber estimates of population size by reef 
area and reef area * rugosity. The error bars are standard error about the mean
from Jolly-Seber population estimates. Graphs (C) and (D) are catch per unit 
effort (CPUE) by reef area and reef area * rugosity. All Panulinis guttatus
were captured on patch reefs in the Florida Keys. FL (USA).
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Table 4.2. Jolly-Seber population estimates for long-term mark-recapture sites.W W  » V  •  I  W  1 ■ ̂  frW  » •  • • •  « » W  V* v w *  V U  1 w w  »
Jolly-Seber Population Estimates (S.E.)






Canyon 5/14/97 - 0 1 (0.48) 0
6/28/97 29 21.3(13.8) 0.462 (0.19) 0
7/15/97 100 6 (0 ) K 0) 44(0)
7/30/97 29 48 (0) .087 (0) 4 (0 )
6/12/98 17 8(0) 0.61 (0.7) 64.4 (92)
7/23/99 4.5 69.7 (92.3) 0 0
5/25/00 13 - - -
Coral Head 5/11/97 - 0 1 (0.72) 0
7/1/97 0 32 (0) 0.45 (0.19) 0 (0 )
7/26/97 33 10.8 (0) 0.56 (0.51) 25 (26.7)
6/25/98 13 31 (29.2) 0.62 (0.77) 36 (63.1)
7/24/99 11 55 (76.9) 0 0 (0 )
6/23/00 19 - - -
Garden 5/15/97 - 0 1 (0.24) 0
6/30/97 14 45 (15.5) 1 (0.37) 26.8 (21.3)
7/16/97 48 72 (28.9) 0.63 (0.43) 51.5 (40.1)
7/31/97 33 95 (61.6) 0.52 (0.59) 53.9 (89)
5/18/98 IS 104(124.3) 0.54 (0.75) 19.5 (54.5)
6/23/98 20 76 (90.7) 0.097 (0.09) 14.4 (0)
5/13/99 11 21.8 (0) 0 (0 ) 0 (0 )
5/31/00 4.2 - - -
Twins 8/10/99 - - 1(1.212) 0 (0 )
9/2/99 10 66(94) 0.143 (0.124) 1.821 (9.553)
3/31/00 21 11.3 (0) 0 (0 ) 0 (0 )
6/29/00 18 - - -
3 Sisters 7/31/98 - - 1 (0.6076) 0 (0 )
9/10/98 22 87.4 (61.869) 0.270 (0.184) 0(11.5)
8/14/99 55 17.4(8.481) (0) 0 (0 )
7/6/00 18 - - -
White
Banks







0 (0 ) 0 (0 )
8/17/00 8.3 - - -
Mean 21.3 (3.94) 107.5 (56.5) 0.67 (0.07) 117.6 (86.8)
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Table 4.3. The results of an ANOVA testing for differences in survival among long-term 
mark-recapture sites.____________________________________________________________
Source df MS F P Power
Site 5 0.0513 0.388 0.849 0.121
Error 15 0.132
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days and no lobsters moved among sites. Recapture rates for lobsters fell from an 
average of 41% during the short-term mark-recapture experiment to an average of 17% 
during the long-term experiment because of the change in sampling frequency (i.e., once 
a month in the short-term study to once or twice a year in the long-term study). Tag loss, 
mortality and emigration over the longer experiment probably all contributed to this 
difference. Recapture rates were similar on all long-term sites, regardless of patch size. 
Population dynam ics and reef size
1 tested several assumptions regarding post-settlement processes among reefs of 
varying sizes. In short, population addition (immigration + births), population loss 
(mortality + emigration), and individual growth of P. guttatus did not vary significantly 
among reefs of different size. I found that Jolly-Seber estimated survival (i.e.. I - 
mortality + emigration) was not related to reef size (r2 = 0.39. F = 1.89. df = 1, P = 0.26), 
nor was population addition (i.e., births + immigration) related to reef size (r2 = 0.60. F = 
4.44. df = 1, P = 0.13). Evaluating growth is more complicated because is varies 
significantly with size and between sexes (Chapter II), thus the need for a multiple 
regression to estimate the possible effect of reef size on growth independent of lobster 
size or sex. Although the two multiple regressions (one for males the other for females) 
relating growth (dependent variable) to reef area and lobster size were significant, the 
relationship was almost entirely due to the relationship between size and growth (Table
4.4). Growth of male and female P. guttatus was not related to reef area as is 
demonstrated by the magnitude o f the standardized coefficients for reef area and size and 
the t-tests of significance for those respective coefficients (Table 4.4).
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Table 4.4. The results of a multiple regression testing for differences in growth by reef 
area and size of lobster, Panulinis guttatus. (A) contains the results for males, (B) 








Constant 2.914 0.229 12.735 0.0001
Male Size -0.043 0.005 -0.934 -8.145 0.0001
Reef Area -2 .165xl0'6 0.000 -0.010 -0.086 0.933
R ' =0.88, F = 49.245, df = 2, P <0.0001
B.
Model Unstandardized Standardized t P
Coefficients Coefficients
B S.E. Beta
Constant 2.172 0.242 8.975 0.0001
Female -0.03676 0.005 -0.869 -7.176 0.0001
Size
Reef Area 1.058x10° 0.000 0.081 0.666 0.512
Rz = 0.72, F = 27.534. df = 2, P <  0.0001
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Population structure and reef size
I predicted that various measures of population size structure would be more variable on 
small reefs, due to intermittent settlement, than on large reefs. The results of the 
multivariate analyses indeed indicate that the size structure of male and female P. 
guttatus populations varied significantly among reefs of different size (Table 4.5).
Further inspection of the individual univariate ANOVAs associated with these 
MANOVA results indicate that two statistics contributed most to this difference. In 
particular, the skewness of male lobster distributions and the variance of female lobster 
distributions varied most among reefs of different s izes .. The most significant 
differences in the variability of male skewness were between small and medium reef 
sites, and between medium and large sites. Whereas for females, the major difference in 
the variablity of the lobster size distributions was between small and large reef sites. Size 
frequency distributions for male and female P. guttatus on all of the reef sites that I 
sampled can be found in Appendix B.
Reproductive dynam ics and reef size
There was no relationship between operational sex ratio (OSR) and reef area: 73% 
of the P. guttatus populations on reefs had OSR values between 40 - 60% (Fig. 4.2). 
Reproductive activity varied among months and peaked in May, when more than 90% of 
the females were carrying eggs (Fig. 4.3). The peak period of reproductive activity 
(March through June) was similar across all lobster size classes (Fig. 4.4). The length of 
egg incubation is 27 - 32 days or less depending on water temperature (Chitty 1973). 
Based on the proportion of females bearing egg clutches each month and the period of 
egg incubation, females over 40 mm CL probably spawned more than once per season
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Table 4.5. Results from a MANOVA testing for differences in size structure by reef area. 
I tested for differences in mean size, skewness, kurtosis, and variance by sex. Table 5A 
contains the results of the multivariate tests, while Table 5B contains the results for 
individual univariate ANOVAs.
A.





Reef Pillai’s Trace 1.215 1.936 16 20 0.081 0.769
Area Wilks’ Lambda 0.089 2.646 16 18 0.025 0.888
Hotelling’s Trace 6.815 3.407 16 18 0.010 0.947
Roy’s Largest Root 6.270 7.837 8 10 0.002 0.990
B.
Source Dependent Variable df Mean F P Power
Square
Reef Male Mean Size 2 157.551 0.127 0.882 0.066
Area Male Skewness 2 0.667 3.930 0.041 0.620
Male Kurtosis 2 5.873 2.509 0.113 0.430
Male Variance 2 3822816 0.366 0.680 0.088
Female Mean Size 2 26.515 0.110 0.896 0.064
Female Skewness 2 1.102 1.348 0.288 0.248
Female Kurtosis 2 4.340 0.475 0.631 0.114
Female Variance 2 6743680 5.979 0.012 0.809





Male Kurtosis 16 2.341
Male Variance 16 1000000
n
Female Mean Size 16
u
240.046
Female Skewness 16 0.818
Female Kurtosis 16 9.142
Female Variance 16 1127928
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Fig. 4.2. The operational sex ratio for isolated populations of Panulinis guttatus 
by area of coral patch reef.
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Fig. 4.3. Reproductive activity by month for Panulirus guttatus in the 
Florida Keys. Florida (USA).































Fig. 4.4. The proportion of females carrying egg clutches for each month by size 
class. All Panulinis guttatus were captured from coral patch reefs in the 
Florida Keys. Florida (USA).
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(Fig. 4.4). Furthermore, the duration of the reproductive period was similar across reefs 
of different size, suggesting that both the timing and occurrence of multiple clutches were 
probably similar among reefs of different sizes (Fig. 4.5). That is, it is likely that females 
on all reefs, regardless of size, produce similar numbers of clutches in a reproductive 
season.
There was a significant, but non-linear relationship between fecundity and female 
size (F = 587.01, df = 1, p < 0.0001, R2 = 0.84) (Fig 4.6). The estimated Index of 
Reproductive Potential (IRP) I calculated for P. guttatus suggest that females in the 55 - 
60 mm CL size class had the highest reproductive potential (based on the proportion of 
the population in this size class and their clutch size) (Fig. 4.7). However, females in the 
60 - 65 mm CL size class had the highest egg productivity (percentage of estimated total 
egg production of a size class/size class percentage o f all females) (Fig. 4.7). Most 
importantly, the variance in the per capita production of eggs per clutch differed 
significantly among reefs of different size. In other words, the individual reproductive 
success of female P. guttatus was significantly more variable on small reefs (i.e.. those 
<2000 m2 in area) than on large reefs -  the key outcome I predicted based on the target- 
area hypothesis (F = 3.14, df = 3, P = .054) (Fig. 4.8).
Discussion
My results for P. guttatus living on isolated patch reefs support the predictions o f the 
target-area hypothesis that larger habitat islands (i.e., reefs) intercept passive immigrants 
more frequently than small islands resulting in greater population sizes and less variable 
size frequency distributions than populations on small islands. As a result of these
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Fig. 4.5. Percentage of female Panulinis guttatus reproducing each month 
by reef area (m").
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Fig. 4.6. Relationship between female carapace length and number of eggs 
produced in a clutch for Panulims guttatns.
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Fig. 4.7. Index of reproductive potential (A), % of total egg production (B), 
and productivity (percentage of estimated total egg production of a size 
class/size class percentage of all females) (Q  for female P. giatatiis. Each 
point is based on all females collected throughout the course of the study.
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Fig. 4.8. Per capita eggs per clutch for each population of Panuliriis 
guttatus by reef area (nr). Per capita eggs per clutch was calculated 
by dividing the total fecundity for a population by the number of 
females carrying eggs in that population. All lobsters were captured 
on reefs in the Florida Keys. Florida (USA).
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differences in population size and population size structure, the per capita reproductive 
output o f P. guttatus females was more variable on small reefs. These conclusions are 
predicated on the assumption that post-settlement processes, though potentially important 
in altering abundance and size frequency distributions, do so in a manner that is unrelated 
to reef size. If so. then many of the population structure patterns established at settlement 
are preserved in the size structure of the juvenile and adult population. I have examined 
key population parameters (e.g., growth and mark-recapture derived estimates of 
population loss and addition) with respect to reef size and those results support the 
assumption that post-settlement processes are generally unrelated to reef size.
Over three years. I did not detect any difference in lobster survival among the six 
long-term mark-recapture sites despite great differences in site area (152. lm 2- 
8860.5m2). The average survival rate was similar to that observed by Sharp et al. (1997) 
for P. guttatus populations on two fore reef spurs (-1000 m: ) sampled over a two year 
period. With the long residence times and consistent survival of lobsters on reefs of all 
sizes, density-dependent effects may not have been greater on small sites. I also did not 
find any differences in growth between reefs, suggesting that food limitation as a result of 
greater densities on small reefs is unlikely. Finally, there was no significant difference in 
population addition observed between small and large reefs. Therefore I suggest that 
immigration is more important in determining population size structure than post­
settlement processes.
Although I did not directly measure recruitment levels, the long residence times 
that I and others (Sharp et al. 1997) observed for recaptured P. guttatus suggest that 
individuals o f this species probably remain on the reef in which they settle. I also found
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
more individuals on larger reefs, perhaps suggesting better recruitment of lobster 
postlarvae to larger patch reefs. Similar patterns of recruitment have been shown for fish 
and benthic invertebrate communities (Gladfelter et al. 1980, Anderson et al. 1981, 
Schroeder 1987, Smith and Brumsickle 1989, McLain and Pratt 1999). Schroeder (1987) 
found that recruitment rates for postlarval fish were higher on larger patch reefs, implying 
that more larvae encounter large reefs than small reefs. Colonization of mudflat habitats 
by various species o f benthic infauna also varies inversely with patch size in defaunated 
sediment plugs (Smith and Brumsickle 1989). In addition, abundance of P. guttatus 
increased as area*rugosity increased, similar to that shown for area alone, indicating that 
the complexity or rugosity of a reef may serve as an additional recruitment factor. 
Although this cannot be considered a rigorous measure of habitat complexity, the pattern 
of increased abundance with rugosity has been demonstrated for other species (Luckhurst 
and Luckhurst 1978, Clarke 1988, Lomolino 1990, Chapman 1994, Aguilar Betancourt et 
al. 1997). One example is the correlation of fish abundance with surface rugosity of coral 
reefs (Luckhurst and Luckhurst 1978, Gladfelter et al. 1980, Aguilar Betancourt et al. 
1997). So, population size increases as both area and area*rugosity increase as a result of 
more continuous immigration on larger reefs. The more continuous recruitment to large 
reefs also resulted in differences in size structure between large and small reefs.
Significant differences in size distribution of P. guttatus were observed among 
populations between large, medium, and small sites, consistent with the concept o f more 
continuous recruitment on larger patch reefs. In addition, size structures of lobster 
populations remained consistent within sites over the three year sample period.
Consistent recruitment to large reefs has also been shown for fish species (McLain and
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Pratt 1999). Factors other than recruitment may also impact the size structure of 
populations. Panulinis homams has been shown to have significant differences in size 
distribution along the coast of Dhofar, but this result may actually be a reflection of 
poorly regulated fishing (Mohan 1997). There is no fishery for P. guttatus in the Florida 
Keys (USA) that would impact population size structure, reinforcing my proposal that 
differences in population size structure were a result of variable recruitment on different 
size patch reefs.
Differences in size structure were also evident between sites when compared 
based on area*rugosity instead of area alone. Shelter size has been shown to impact the 
population size structure of crab, Pilumnus sayi and Menippe mercenaria (Beck 1997, 
Kuhlmann and Walker 1999). For P. sayi populations at one location, population size 
structure was skewed toward smaller individuals, while the other site had a more even 
size distribution that included large individuals. It was suggested that this difference was 
due to a lack of shelter for large individuals at the first site, essentially making them easy 
prey (Kuhlmann and Walker 1999). However, populations of P. guttatus on smaller, less 
rugose sites with potentially fewer shelters were not simply skewed toward smaller sizes, 
supporting my predictions that stochasticity in recruitment may be responsible for the 
size structure patterns in P. guttatus, rather than shelter availability. The differences I 
observed in size structure did not impact the availability o f mates, but was reflected as 
variability in reproductive output.
The size-at-maturity of male P. guttatus is 36-37 mm CL, and 50% of females are 
mature at 32 mm CL (Chapter II). The operational sex ratio (OSR) based on these sizes 
at maturity was near 50%. possibly due to the small size at maturity for this species. The
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relatively stable OSR suggest that availability o f a mate is not usually a limiting factor, 
but the size of the mate may be more important as both female and male size influence 
fecundity (Fig. 5 and Chapter II). In previous studies of P. guttatus, sex ratio was biased 
toward males (Sutcliffe 1953, Munro 1974, Farrugio 1975, Marfin 1978, Evans and 
Lockwood 1994, Briones-Fourzan and Contreras-Ortiz 1999). but these studies all 
utilized data from traps or tangle nets. Data collected by divers at night suggest a more 
even or slightly female biased sex ratio (Caillouet et al. 1971, Chitty 1973, Sharp et al. 
1997) similar to results from my study.
The fecundity of P. guttatus increased with female size (Fig. 4.7) (Chitty 1973. 
Briones-Fourzan and Contreras-Ortiz 1999). indicating that the size of females on the 
reef will affect the reproductive output of the population. Reproduction in P. guttatus 
occurs throughout the year (Sharp et al. 1997, Briones-Fourzan and Contreras-Ortiz 
1999), but is highest in the spring and early summer (Fig. 4.5) (Sharp et al. 1997. 
Briones-Fourzan and Contreras-Ortiz 1999). I found that the peak of reproduction occurs 
in May, although high levels of reproduction occurred from March through June (Fig.
4.5). The presence of females less than 35 mm CL carrying eggs, or having evidence of a 
previous clutch in addition to having ripe ovaries, implies that P. guttatus can produce 
more than one clutch, even at first maturity. The ability to produce multiple clutches at 
such a small size implies that P. guttatus may be able to compensate for a limited mate 
selection by increasing individual reproductive output. The proportion of females 
reproducing each month did not vary between reefs, so it is likely that the number of 
clutches produced by a female is not related to reef size. So. differences in population
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level reproductive output are probably not a result of differences in clutches produced, 
but differences in female and male size.
In fact, the per capita number of eggs per clutch for a population was related to 
the size of patch reef on which the population was resident. By grouping patch reefs of 
similar area I was able to show significantly higher variance in per capita number of eggs 
per clutch in the group of sites with the smallest patch area. This variability in total 
reproductive output is linked to the size of females and males in the population (Chapter 
III). The size o f males and females resident on a patch appears related to patch area and 
also suggests an indirect relationship between patch area and total reproductive output for 
a population.
My results support the predictions of the target-area hypothesis that larger habitat 
islands are better at intercepting passive immigrators resulting in greater population sizes 
than on smaller patches. In addition, as a result of more continuous recruitment to larger 
reefs, P. guttatus on larger isolated patch reefs also have more uniform population size 
distribution. As a result of differences in population size and population size structure, 
reproductive output was more variable within small reefs.
So, species with open population dynamics that exist in isolated populations are 
likely to suffer variability in recruitment that is related to the size of habitat patch.
Further implications may include highly variable population size structures in particular 
if no immigration occurs by juvenile or adult members of the population. Finally, for 
species where reproduction is dependent on size and availability of mates reproductive 
output could be decreased or increased depending on the size structure of the resident 
population. Therefore, the reproductive output o f an isolated population, whose
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fecundity depends on size, will be indirectly affected by the size of patch on which they 
are resident.




The target-area hypothesis implies that large patches of habitat are more effective 
at intercepting passive immigrators. As a result, large patches should have a more 
continuous supply o f recruits while a small patch would have more stochastic 
recruitment. If larger patches have a more continuous supply of recruits as predicted then 
large patches would have a more uniform population size structure. The larger 
population size and more uniform size structure would also result in more potential mates 
on a large patch. Since the benthic stage of P. guttatus has limited dispersal, the 
consequences of the target-area hypothesis are that isolated populations on smaller coral 
reef patches may have smaller population sizes and more variable population size 
structures which creates higher variability in reproductive output.
The growth rate among spiny lobsters is variable due to a number of factors, but 
growth for P. guttatus is similar to that observed for other tropical reef dwelling species 
(Chapter I) (Chittleborough 1976, Nair et al. 1981, Annala and Bycroft 1988). The size 
at which P. guttatus matures is small relative to its congener P. argus, but when taken as 
a proportion of its maximum size, its size at maturity is equivalent (Chapter I). In 
addition, P. guttatus matures in about two years, which is similar to other species 
utilizing comparable habitat (Nair et al. 1981, Forcucci et al. 1994). Once P. guttatus 
reaches maturity, growth rate slows as more energy is devoted to reproduction.
Competition for mates is intense for male P. guttatus with the largest male usually 
dominant (Chapter II). All males courted and mated regardless of their size, but the 
largest males were most successful. Males courted and mated with all sizes of females
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suggesting that they gain greater benefit from multiple matings rather than selective 
mating with large females, despite the increase in fecundity with female size. Females 
did not always respond to courtship, possibly evaluating all males present before 
choosing a mate. In contrast to non-discriminatory males, most females (92%) chose to 
mate with a male that was larger than they were. Choosing larger mates had a distinct 
advantage for large females due to sperm-limitation. Smaller males could not fertilize all 
the eggs deposited by a large female. However, when a large male was not available, 
large females mated with smaller males instead of releasing unfertilized eggs. This 
suggests that females were selective only when there was no energetic or reproductive 
cost associated with mate choice.
The lack of optimal-sized mates was a distinct liability for isolated populations of 
P. guttatus on small habitat patches (Chapter III). Panulirus guttatus do not disperse 
across open sand or seagrass (Sharp et al. 1997, Chapter III), and immigration is solely by 
postlarval recruits settling from the plankton. These postlarvae are more likely to recruit 
to a large coral patch than a small patch as suggested by the target-area hypothesis 
(Lomolino 1990). I found populations on small reefs are more likely to have skewed size 
structures and often lacked a selection o f large mates. Therefore, females were often 
forced to mate with any available male on smaller patches. I found that differences in 
reproduction between reefs could be explained by an interaction between reef area and 
female size, as expected. Total reproductive output was highly variable on small reefs as 
a result of the greater variability in population size structure. As a result, the 
reproductive output of isolated populations of P. guttatus was indirectly related to the 
size o f coral patch on which they are resident.
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In a wider context, populations that are isolated due either to loss of habitat or life 
history pattern may suffer reduced reproductive output. The impact may be increased if 
females do not reproduce when an appropriate male is unavailable. Habitat size and 
isolation may thus impact species with open population dynamics in subtle ways.
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10 20 30 40 50 Kilometers
Fig. A .I. A map of Florida (USA) with south Florida enlarged to include the upper and 
middle Florida Keys. The sampling areas are designated by the three boxes. Within each 
box are the individual patch reefs sampled during this study.
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Fig. A.2. Enlargement of the Key Largo, Florida (USA). The circles (•) represent mark- 
recapture sites and the triangles (▲) represent population survey sites.








Fig. A.3. Enlargement o f Islamorada, Florida (USA). The circles (•) represent mark- 
recapture sites and the triangles (A) represent population survey sites.
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Fig. A.4. Enlargement of Marathon, Florida (USA). The circles (•) represent mark- 
recapture sites and the triangles (▲) represent population survey sites.
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Table A.I. List of the GPS coordinates for all sites sampled during this study.
Site Latitude Longitude
1 24 54.234 80 37.014
2 24 41.45 81 01.83
3 24 57.27 80 32.85
4 24 43.48 80 55.98
5 24 54.036 80 37.034
6 24 57.32 80 32.87
7 25 09.742 80 17.119
S 24 41.55 81 01.52
9 24 54.019 80 37.101
10 24 54.034 80 37.080
11 24 54.039 80 37.068
12 24 56.216 80 32.880
13 24 54.237 80 36.607
14 24 55.998 80 32.938
15 24 53.851 80 36.979
16 24 53.830 80 36.951
17 24 56.141 80 32.918
18 24 56.026 80 33.059
19 25 02.635 80 22.133
20 24 42 16.2 80 56 26.0
21 24 41 28.6 80 56 51.5
22 24 41 34.2 80 56 51.1
23 25 01.362 80 23.855
24 24 41 12.0 80 57 29.1
25 25 08.201 80 19.893
26 24 43 25 80 55 73
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Fig. B.l. Population size distributions for Panulinis guttatus on isolated coral 
patch reefs (20-72.9 m2) in the Florida Keys. Florida (USA). The size of the 
coral patch is in the upper right comer of each figure.
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Fig. B.2. Population size distributions for Panulirus guttatus on isolated coral 
patch reefs (97.2 - 477.8 m2)in the Florida Keys. Florida (USA). The size 
of the coral patch is in the upper right comer of each figure.
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Fig. B.3. Population size distributions for Panuliriis guttatus on isolated coral 
patch reefs (514.7 - 753.2 m2) in the Florida Keys. Florida (USA). The size 
of the coral patch is in the upper right comer of each Figure.
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Fig. B.4. Population size distributions for Panulims guttatus on isolated coral 
patch reefs (1884.8 - 3161.9 m2) in the Florida Keys. Florida (USA). The size 
of the coral patch is in the upper right comer of each figure.
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Fig. B.5. Population size distributions for Panalinis guttatus on isolated coral 
patch reefs (3365 - 4450 m2) in the Florida Keys, Florida (USA). The size 
of the coral patch is in the upper right comer of each figure.
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Fig. B.6. Population size distributions for Panulinis guttatus on isolated coral 
patch reefs (5375 - 8860.5 m2) in the Florida Keys. Florida (USA). The size 
of the coral patch is in the upper right comer of each figure.
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